[1] Helium data and major ion chemistry are presented for the shallow Marshall aquifer in southern Michigan. This data set is subsequently analyzed in conjunction with major element data sets from deeper and shallower water levels previously collected in this area. He excesses and isotopic ratios suggest the presence of tritiogenic 3 He in young waters in the Marshall aquifer. He excesses in old groundwater samples are mostly of crustal origin although the presence of a significant mantle He component in some samples cannot be ruled out. He excesses in the Marshall aquifer are unusually high for such shallow depths ( 300 m) and reach over two and three orders of magnitude above those of air-saturated water (ASW) for 3 He and 4 He, respectively. He isotopes require a source external to the aquifer, partly supplied by underlying formations within the sedimentary sequence, partly from the crystalline basement. Calibration of He concentrations observed in the Marshall aquifer requires He fluxes of 1 Â 10 À13 and 1.6 Â 10 À6 cm 3 STP cm À2 yr À1 for 3 He and 4 He, respectively. These He fluxes are far greater than those reported in other sedimentary basins around the world (e.g., Paris Basin, Gulf Coast Basin) at similar and far greater depths. Such high He fluxes present at such shallow depths within the Michigan Basin strongly suggest the presence of a dominant vertical water flow component and further indicate that impact of recharge water at depth is minor. Upward cross-formational flow is also likely responsible for the extremely high salinities present in the shallow subsurface of the Michigan Basin. The observed positive correlation between helium and bromide strongly suggests that these two very distinct conservative tracers both originate at greater depths and further suggests that advection is the dominant transport mechanism within the basin. The occurrence of large-scale cross-formational flow is also consistent with the evolution displayed by the major ion chemistry throughout most of the sedimentary sequence, indicating that solutes from shallow levels carry the signature of deep formation brines. (2005), Cross-formational flow and salinity sources inferred from a combined study of helium concentrations, isotopic ratios, and major elements in the Marshall aquifer, southern Michigan,
Introduction
[2] Subsurface fluids presenting high salinities are a common occurrence in sedimentary basins at great depths (e.g., Gulf Coast Basin, Illinois Basin, Paris Basin) [Carpenter, 1978; Stueber and Walter, 1991; Fontes and Matray, 1993] . By contrast, high salinity fluids are found at all depths in the Michigan Basin, from the deep Ordovician St. Peters Sandstone up to the very shallowest subsurface levels (Glacial Drift) [Long et al., 1988; Wilson, 1989] . In addition to its ubiquitous distribution, some of these high salinity fluids in the Michigan Basin also present some rather unusual characteristics. For example, fluids from the Lower Devonian-Silurian formations (1 km depth 2 km) yield some of the highest salinities (total dissolved solids: TDS > 450 g/L) reported in sedimentary basins around the world, and contain high concentrations of Ca 2+ [Wilson and Long, 1993a] . Salinities up to 200 g/L are also found in aquifers and aquitards of the Carboniferous-Upper Devonian formations at shallow depths (<300 m) [Martini, 1997] . The origin of such high salinities, however, remains uncertain and has been the focus of numerous studies [e.g., Long et al., 1988; Wilson, 1989; Wilson and Long, 1993a, 1993b; Ging et al., 1996; Martini, 1997; McIntosh et al., 2004] . Indeed, while Lower Devonian-Silurian brines (e.g., Detroit River Group, Niagara/Salina Formation) evolved most likely from evaporated concentrated seawater subsequently modified by water-rock interactions [Wilson and Long, 1993a] , evolution of shallow Carboniferous-Upper Devonian formation fluids (e.g., Marshall Sandstone, Antrim Shale, Traverse Formation) does not appear to support extreme seawater evaporation [Long et al., 1988; Wilson and Long, 1993b; Ging et al., 1996; McIntosh et al., 2004] . Although dissolution of evaporites in neighboring formations may explain some of the high salinities observed locally in some shallow formations (e.g., Antrim Formation waters in the northern marginal basin [McIntosh et al., 2004] ), such a process, however, cannot account for the high Br À concentrations commonly found in these waters [e.g., Long et al., 1988; Ging et al., 1996] .
[3] Upward transport of deep basinal brines and subsequent mixing with meteoric water has been previously proposed to account for the presence of such high salinity waters in near-surface environments in the Michigan Basin [Long et al., 1988; Mandle and Westjohn, 1989; Weaver et al., 1995; Kolak et al., 1999; McIntosh et al., 2004] . Such upward transport, however, has not been confirmed.
[4] The study of helium isotopes in large-scale groundwater flow systems offers a powerful tool to investigate cross-formational flow within sedimentary basins [see, e.g., Castro et al., 1998a Castro et al., , 1998b Castro and Goblet, 2003; Patriarche et al., 2004] . Helium isotopes can thus be used to ascertain whether or not cross-formational flow, i.e., upward leakage, is occurring through the entire sedimentary sequence in the Michigan Basin, therefore better constraining the origin of the very high salinities present at all levels and, more specifically, in shallow groundwater systems.
[5] Because of its conservative nature, helium is transported in and by the water without reacting with the reservoir rocks. Typically, helium is present in the mantle (e.g., primordial origin), in the crust (nucleogenic and radiogenic origin), and in the atmosphere (as a consequence of the degassing of the Earth). These components of different origin present specific characteristics, which allow identification of their sources and sinks [e.g., Stute et al., 1992; Hilton and Porcelli, 2003; Castro, 2004; Saar et al., 2005] . Concentrations of He isotopes ( 3 He, 4 He) in groundwater frequently exceed those expected for water in solubility equilibrium with the atmosphere (air-saturated water: ASW). These excesses can result from different sources: (1) an excess air component resulting from dissolution of small air bubbles caused by fluctuations of the groundwater table [Heaton and Vogel, 1981] ; (2) the b-decay of natural and bomb tritium (tritiogenic 3 He); (3) the 6 Li(n, a) 3 H ( 3 He) reaction [Morrison and Pine, 1955] (nucleogenic 3 He); (4) the a-decay of the natural U and Th decay series elements (radiogenic 4 He); and (5) mantle contributions to both 3 He and 4 He.
[6] In this contribution, we present helium data and major ion chemistry from the Marshall aquifer in southern Michigan. This shallow groundwater data set is subsequently analyzed in conjunction with major element data sets from deeper and shallower water levels previously acquired in this area [Dannemiller and Baltusis, 1990; Wilson and Long, 1993a, 1993b; McIntosh et al., 2004] . In a similar manner to that of observed high salinities, it will be shown that He excesses in the Marshall aquifer are unusually high for such shallow depths. Such high excesses require an external helium source to the aquifer, partly supplied by underlying formations within the sedimentary sequence, partly from the crystalline basement. The positive correlation observed between helium and bromide strongly suggests that these two very distinct conservative tracers both originate at greater depths, and further suggests that advection is the dominant transport mechanism within the basin. Our findings reinforce the notion that upward leakage is the main process responsible for the presence of such high salinities at shallow depths. The latter is also consistent with the evolution displayed by the major ion chemistry through most of the sedimentary sequence, indicating that solutes from shallow levels carry the signature of deep formation brines.
[7] This study aims at illustrating the practical gains achieved at clarifying the nature of crossformational flow as well as the origin of high salinity fluids through the combined use of helium isotopes and major ion chemistry.
Geological and Hydrogeologic Background
[8] Located in the northeastern United States, the Michigan Basin is a concentric intracratonic depression floored by crystalline Precambrian basement (Figures 1a, 1b, and 1c) , and consists of a succession of sedimentary rocks from Precambrian to Jurassic that reaches depths over 5 km [Dorr and Eschman, 1970; Catacosinos and Daniels, 1991] . The entire sedimentary strata are covered by thick Pleistocene Glacial Drift sediments and are composed mainly of evaporites (e.g., Salina Group), carbonates (e.g., Traverse Formation), shales (e.g., Antrim and Coldwater Formations), and sandstones (e.g., Marshall Formation) ( Figure 1c ). Depending on its nature, these sedimentary rocks constitute either aquitards (e.g., shale, evaporites) or aquifers (mostly sandstones and reefal and dolomitized limestones), giving origin to a multilayered aquifer system [Vugrinovich, 1986; Westjohn and Weaver, 1996] .
[9] Major tectonic structures such as the AlbionScipio Fault, the Lucas Fault, and the Howell Anticline ( Figure 1a ) are present in southern Michigan and penetrate also the Precambrian crystalline basement [Fisher et al., 1988] . The latter belongs to the Eastern Granite and Rhyolite Province (EGRP), and displays an age of $1.5 Ga [Hinze et al., 1975; Van Schmus, 1992; Menuge et al., 2002] .
[10] The Marshall aquifer, a major groundwater flow system composed mostly of sandstones of Mississippian age, is located in the central portion of the Michigan Basin (Figures 1a, 1c , and 2). The Bayport-Michigan confining units which are composed mostly of shale and limestone overly the Marshall aquifer, which in turn overlies the Coldwater and Antrim Shale confining units (Figure 1c ). These formations subcrop at an altitude of $300 m.
In the Marshall aquifer in southern Michigan, groundwater flows gravitationally to the NE and NW (Figure 2 ), and groundwater discharges into Lake Huron and Lake Michigan, in the Saginaw and Michigan Lowlands area, respectively [Vugrinovich, 1986; Mandle and Westjohn, 1989] . Salinities increase from the recharge (TDS 0.5 g/L) toward the discharge areas (TDS ! 200 g/L).
Sampling Techniques and Experimental Methods
[11] Water samples for analysis of noble gases (He, Ne, Ar, Kr and Xe) were colleted from 14 wells in the Marshall aquifer (Figure 2 ) after temperature and pH reached equilibrium. Samples were collected in copper tubes (i.e., standard refrigeration grade 3/8 00 Cu tubing) and water was allowed to flow through for $10 minutes. While the water flushed through the system, the absence of gas bubbles that could potentially contaminate or phase fractionate the samples was checked through a transparent plastic tube mounted at the end of the Cu tube. The Cu tubes were then sealed by stainless steel pinch-off clamps [Weiss, 1968] . Noble gases were analyzed at the Noble Gas Laboratory at the University of Michigan as described briefly below and in detail by Ma et al. [2004] and Saar et al. [2005] .
[12] Water samples in Cu tubes were attached to a vacuum extraction system and noble gases were quantitatively extracted for inletting into a MAP-215 mass spectrometer. Noble gases were transported using water vapor as a carrier gas through two constrictions in the vacuum system, purified, and sequentially allowed to enter a MAP-215 mass spectrometer using a cryo-separator. The complete measurement procedure comprises estimation of He, Ne, Ar, Kr, and Xe concentrations, and their respective isotopic ratios, with standard errors for volume estimates of 1.5, 1.3, 1.3, 1.5 and 2.2%, respectively. When replicate analyses are available, an error weighted average is reported.
[13] Water samples collected for analyses of major elements were filtered with a 0.45 mm Gelman Laboratory AquaPrep filter, and subsequently preserved in high-density polyethylene bottles with no head space before analyses. Samples for cation analyses were acidified to pH < 2 by using nitric acid. Major ion chemistry of these samples was determined in the Experimental and Aqueous Geochemistry Laboratory at the University of Dorr and Eschman, 1970; Fisher et al., 1988] ; (b) general schematic geologic representation along cross section A -A 0 ; (c) stratigraphic succession through the Michigan Basin in which major lithologies present in the basin are identified; units for which chemistry of formation waters is discussed in this study are indicated (bold italic).
Michigan. Alkalinity was measured by the GranAlkalinity titration method [Gieskes and Rogers, 1973] with a precision of ±0.4%. Cation chemistry was determined by inductively coupled plasmaatomic emission spectrometry with a Leeman Labs PlasmaSpec III system (precision, ±2%). Anions were analyzed by ion chromatograpgy (IC) with a Dionex 4000I series (precision, ±1%). Tables 1 and 2 , respectively. 14 C ages were estimated according to Fontes and Garnier's [1979] correction model and a half-life value of 5730 years was used as suggested by these authors. 14 C ages were subsequently converted into calendar ages using CALIB Rev4.4.1 [Stuiver and Reimer, 1993] . Additional details on 14 C age estimation can be found at Ma et al. [2004] .
Helium Systematics
[16] For most of the Marshall groundwater samples, 3 He and 4 He concentrations are found in excess of those expected for water in solubility equilibrium with the atmosphere (Table 1) . He excesses vary and are greater for 4 He than for 3 He. These excesses reach values of over two and three orders of magnitude above those of ASW for 3 He and 4 He, respectively, and are particularly high for sample 16, located in the Saginaw Lowland discharge area in the central portion of the basin (Figure 2) . Similarly, R exc /R a values vary from 5.78 to 0.03, and are far greater for ''modern waters'' (samples 1, 3, 6-9, (Figures 3a and 3b ).
[17] 3 He and 4 He excesses increase both with groundwater age and TDS (Tables 1 and 2 ). With the exception of samples 4a,b, 3 He exc and 4 He exc increase almost linearly with groundwater ages (Figure 3c ), and indicate a progressive accumulation of He isotopes in the Marshall aquifer over time. Approximate regional flow paths are indicated in Figure 2 . Note, however, that distance from recharge areas to the different sample locations are highly variable due to the concentric shape of the Marshall subcrop (Figure 2) . As a result, groundwater ages and corresponding He excesses of the different water samples reflect this variability. TDS values increase from $0.5 g/L for samples located at the proximity of recharge areas (''modern waters'') up to 217 g/L for sample 16, located in the Saginaw Lowland discharge area ( Figure 2 , Table 2 ). This progressive increase of He excess components as well as TDS is also accompanied by a marked evolution in water chemistry (Figure 3c ). Specifically, young (''modern'') waters display major-ion compositions dominated by a calciumbicarbonate (Ca-HCO 3 ) facies, and evolve progressively into a dominantly sodium-bicarbonate (Na-HCO 3 ) facies. As groundwater ages become older and salinity increases (e.g., samples 14, 15, 16), groundwater chemistry shifts progressively into a dominantly sodium-chloride (Na-Cl) facies. Samples 4a,b, with an unusual chemistry type and unusually high He excesses and R exc /R a value as compared to its groundwater age are an exception to this pattern, and suggest a very distinct origin to these specific waters. This is discussed below.
Excess 3 He: Tritiogenic Versus Mantle and Crustal Components
[18] While 4 He exc present in most groundwaters has a dominant crustal origin [e.g., Castro et al., 1998a Castro et al., , 1998b Castro et al., , 2000 , 3 He exc can result from three distinct sources, i.e., from natural and/or bomb 3 H decay, in addition to a mantle and/or crustal origin. These three different 3 He sources can be identified partly on the basis of R exc /R a values, 3 He and 4 He excesses, as well as on groundwater age considerations [e.g., see Saar et al., 2005] . For example, mantle-derived He is characterized by 8 R m /R a 30 [e.g., Graham, 2002; Hilton and Porcelli, 2003 ] while very young waters carrying an important 3 He tritiogenic component can also yield R exc /R a > 1 [Schlosser et al., 1989] (atmospheric ratio R/R a = 1). By contrast, He produced in the crystalline crust as well as in shale dominated formations results in 0.02 R c /R a 0.05 while typical in situ production in aquifers (e.g., sandstones, limestones) yields values of about one order of magnitude lower, with 0.001 R c /R a 0.005 [e.g., Castro, 2004] . In the analysis that follows we adopt 0.02 R exc /R a 0.05 as our ''reference'' crustal value (Figures 3a and 3b ). Thus R exc /R a values greater than the latter strongly suggest the presence of a significant mantle or tritiogenic 3 He contribution. We attempt to identify these two distinct sources below. Although we cannot be certain that most 3 He exc in these samples result from bomb tritium decay due to water age uncertainties associated with these samples (see discussion by Ma et al. [2004] ), the observed high R exc /R a values associated with these young water ages strongly suggest that most 3 He exc in these samples are the result of anthropogenic tritium decay. The simultaneous presence of a small amount of 4 He exc indicates a mixture between this young water component and an older one. The observed decrease of R exc /R a values with increased 3 He exc and 4 He exc and increased groundwater ages further supports this hypothesis. The presence of a small mantle He component in these samples although less likely, cannot be excluded completely.
[20] With the exception of ''modern'' water samples as well as sample 4, all other samples (ages > 5 kyr; see Table 1 and Figures 3a and 3b ) present lower R exc /R a ratios, ranging from 0.09 (10b) to 0.03 (12b, 14b), indicative of an increasing dominance of crustally produced 3 He and 4 He in these waters. Although most of these R exc /R a values fall into the typical crustally produced He values (0.02 R c /R a 0.05), it is important to note that the presence of a significant mantle component that is potentially masked by dilution of the original signal by crustally produced He cannot be excluded (e.g., see discussion by Castro [2004] ).
[21] As previously mentioned, samples 4a,b present an unusual He signature, with unusually high He excesses (approximately up to and above 2 orders of magnitude that of the ASW for 3 He and 4 He, respectively) and high R exc /R a values ($0.16) as compared to its groundwater age ($5 kyr). In addition, and as discussed above, the amount of He exc present in the Marshall waters result mostly from in situ production within the aquifer, or if instead, it has an external deeper origin. With regard to the latter, it is also important to ascertain whether or not the 4 He excess versus groundwater (calendar) ages. Dashed lines indicate He accumulation resulting both from in situ production in the Marshall sandstone and from the sedimentary sequence underlying the Marshall aquifer (''whole basin''), respectively; groundwater hydrochemical facies are also indicated. ''Modern'' water refers to samples for which the water age 1000 years (Table 1) [see Ma et al., 2004] . Sample 16 corresponds to a Marshall brine sample with TDS$217 g/L for which it was not possible to fit a 14 C model age due to its high salinities; 0.5% corresponds to the 14 C activity measured. [24] To answer to this question, production rates of 3 He and 4 He were calculated for the Marshall Sandstone, the sedimentary formations underlying the Marshall aquifer, as well as the crystalline basement as follows [e.g., Ballentine, 1991] :
where [Li], [U], and [Th] represent the Li, U, and Th concentrations (ppm), respectively ( Table 3 ). The accumulation rate of He isotopes in the water was then estimated according to the expression
where i represents 3 He or 4 He, r r is the mass density of the rock in gcm À3 , r w is the density of the water in gcm À3 , w is the porosity of the reservoir rock and L is the transfer efficiency of He from the rock matrix to the water. For sediments, it can be assumed that L = 1 [e.g., Torgersen, 1980; Torgersen and Clarke, 1985] . 4 He production rates for the crystalline basement are also given.
[25] If it is assumed that all 3 He and 4 He excesses in the Marshall groundwaters results from in situ production and if one excludes all ''modern'' samples, under such accumulation rates (Table 3) it would take between 2.3 and 1700 Myr, and 0.2 and 300 Myr to produce the observed 3 He exc and 4 He exc , time periods that would correspond to the required age of these groundwaters. Such groundwater ages seem to be far too high for most samples, and are clearly in contradiction with estimated 14 C ages (Table 1 ). In addition, the accumulation time required for the observed 3 He exc in sample 16 (1700 Myr) is far greater than the age of the Marshall Sandstone itself, clearly indicating that most of the excess He has an external origin to the aquifer. Similarly, the contrast between R exc /R a ratios in the Marshall aquifer (0.03 -0.15) for samples with water ages !5 kyr and that of in situ produced ratios (0.005) strongly suggests that He excesses in the Marshall aquifer have an external origin, with potentially some mantle contribution [e.g., see Castro, 2004] . Taking into account groundwater ages as well as in situ production rates, the expected He accumulation in the water resulting solely from in situ production within this sandstone aquifer is $2-3 orders of magnitude lower than the observed excess He (Figure 3c ). We thus conclude that in situ production is a negligible He source in the Marshall sandstone as compared to an external contribution. Such external He sources to aquifers have been documented in a diversity of sedimentary basins around the world [e.g., Torgersen and Clarke, 1985; Stute et al., 1992; Castro et al., 1998a Castro et al., , 1998b Castro et al., , 2000 Castro, 2004] . The occurrence of an external He flux has been widely accepted as the main He excess source in multilayered aquifer systems. Alternatively, Solomon et al. [1996] have proposed that diffusion of inherited 4 He could become the dominant external He source under specific conditions (e.g., shallow aquifers with high water velocities). Such conditions, however, do not apply to our system.
[26] External sources can be provided either by the underlying sedimentary sequence or by the crystalline basement, or both. We now attempt at quantifying these. The whole sedimentary sequence underneath the study area is $2.4 km thick and contains mainly carbonates, shales, sandstones, and evaporites [e.g., Fisher et al., 1988; Speece et al., 1985] . Taking into account these different lithological compositions, thickness, and respective production rates, we estimate that the entire sedimentary sequence is capable of producing $20 and $50% of 3 He exc and 4 He exc in the Marshall aquifer (Figure 3c ), respectively, if one excludes ''modern'' samples as well as sample 4. Indeed, production within the sedimentary sequence remains negligible for the latter (0.5 and 4% for 3 He exc and 4
He exc , respectively). The estimated contributions represent maximum bounds with respect to the observed He excesses. Thus, while 3 He production within the sedimentary sequence is a relatively marginal source for 3 He in the Marshall ( 20%), production of 4 He within the basin underlying the Marshall has the potential to account for a non-negligible amount ( 50%) of the total observed 4 He exc in this aquifer.
[27] From the above discussion it is clear that an external source dominates both, 3 He upward fluxes entering the bottom of the Marshall aquifer. The advectiondispersion equation governing the model is given by
where v x is the advective pore velocity in the x (horizontal) direction, x is the distance from the recharge area of the aquifer, z is the relative vertical position inside the aquifer, C corresponds to the 3 He exc or 4 He exc concentrations, D T is the coefficient of hydrodynamic transverse dispersion given by D T = a z v x + d [see, e.g., Freeze and Cherry, 1979] . Thus it includes both vertical dispersion expressed as a function of transverse dispersivity (a z ) and diffusion expressed by the molecular diffusion coefficient for the solute in the porous medium d. P is a source term and in our case it represents the accumulation of 3 He and 4 He in the water resulting from in situ production, as calculated from equation (6). The prescribed boundary conditions for this model are (1) a 3 He or 4 He concentration that initially is zero for all depths in the aquifer; (2) a flux J 0 of 3 He or 4 He entering the aquifer across the bottom boundary z 0 , assumed to be constant; (3) a no-flux 3 He and 4 He boundary condition at the top of the aquifer, i.e., no He losses occurring through the top of the aquifer are allowed. He studies in multilayered aquifer systems in which the advective, dispersive and diffusive fluxes were quantified [see Castro et al., 1998b] show a very important reduction of these losses of up to 30 times the (total vertical flux) flux J 0 entering at the bottom of the aquifer. In view of such results, the prescribed zero He flux boundary condition at the top of the aquifer seems to be reasonable as compared to the J 0 flux entering the bottom of the aquifer [see also Castro et al., 2000] . [29] The analytical solution to this problem is given by [Torgersen and Ivey, 1985] 
where z 0 is the thickness of the aquifer (m), r is the water density (1 gcm À3 ), w is the porosity, J 0 is the upward 3 He or 4 He flux (cm 3 STP cm À2 yr À1 ) entering the bottom of the confined aquifer, and t is the groundwater age (yr). Because an exact recharge distance (x) for all samples is difficult to estimate due to the concentric shape of the Marshall subcrop (Figure 2 ), excess He concentrations (C) were calculated and are presented as a function of groundwater ages (t) ( Table 1) .
[30] This analytical model was calibrated for an average thickness of the Marshall aquifer in the study area of $90 m, and a constant value of D T = 0.13 m 2 yr À1 chosen on the basis of measurements of transverse dispersion performed in a homogeneous sandstone at various flow rates (0.32 to 16 m yr À1 [Freeze and Cherry, 1979 ; see also Castro et al., 2000] ). In situ production accumulation rates (P) in the Marshall aquifer for 3 He and 4 He are 8.0 Â 10 À21 and 1.1 Â 10 À12 cm 3 STP g H2O À1 yr À1 , respectively (Table 3) .
[31] Except for sample 16 for which no groundwater age is available as it was not possible to fit a 14 C model age for a fluid with such high salinities, all other samples were used for calibration of the transport model. (Figures 4a and 4b ). Estimated He fluxes yield a R exc /R a = 0.045 entering the bottom of the aquifer, a value that is consistent with the observed average R exc /R a value of 0.047 of all samples with groundwater ages !5 kyr, with the exception of sample 4. The model also indicates, as previously concluded (section 5.3) that in situ production from the Marshall sandstone is negligible, yielding concentrations that are $2-3 orders of magnitude lower than the observed excess He in the Marshall aquifer (dashed lines, Figures 4a  and 4b ).
Results and Discussion
[33] Although these fluxes should be taken as a first order approximation due to the simplifications implemented in the model, it is clear that He fluxes entering the Marshall aquifer are far greater than He fluxes reported in other sedimentary basins at similar ( 300 m), and far greater depths ( Figure 5 ). For example, the upward 4 He flux entering the Marshall aquifer is over an order of magnitude greater than the one entering the Carrizo aquifer (46 times, average depth 1000 m [cf. Castro and Goblet, 2003] ) in the Gulf Coast Basin, and presents an intermediate value between fluxes entering the Albian (depth $800 m) and Lusitanian aquifers (depth $1600 m) at the center of the Paris Basin [Castro et al., 1998b] . This flux is also significantly higher than those estimated in the Great Hungarian Plain [Stute et al., 1992] , and close to that estimated in the Great Artesian Basin [Torgersen and Ivey, 1985] . A similar pattern is observed for 3 He fluxes. Such high He fluxes present at such shallow depths within the Michigan Basin strongly suggest the existence of a deep groundwater flow system in place distinct from many other multilayered sedimentary systems around the world, in which an horizontal component of groundwater flow plays an important role. Indeed, Castro et al. [1998b] have shown that 4 He fluxes decrease rapidly toward the surface (e.g., see Figure 5 ) as a result of a progressive dilution by recharge water carrying a small atmospheric He component present in deeper aquifers/formations. Such steep flux decrease does not appear to be present in the Michigan Basin, suggesting that the impact of the horizontal flow component (e.g., recharge water) at depth is minor. The presence of a dominant vertical flow component (upward leakage) with respect to a horizontal one is also likely responsible for the extremely high salinities in the shallow subsurface of the Michigan Basin. [34] On the basis of measured U and Th concentrations in the Precambrian crystalline basement of our study area (Table 3) , we estimate that, in addition to production within the sedimentary sequence ($2.4 km), at least $6 km of crystalline basement would be required to produce the 4 He flux underneath the Marshall aquifer. This rough estimation indicates that about 20% of 4 He exc in the Marshall could result from the sedimentary sequence, while $80% might originate in the basement. Li concentrations are not available for the Precambrian crystalline basement; thus we cannot make such estimations for 3 He exc . However, as previously discussed, it is expected that the crystalline basement is by far the most important source of 3 He exc observed in the Marshall. The basement underneath the study area is highly fractured (Figure 1a) and it is likely that the presence of faults act as conduits for groundwater flow, thereby enhancing vertical He transport within the crystalline basement, at great depths.
[35] Such high fluxes entering the Marshall aquifer cannot, however, explain the high 3 He exc and 4 He exc observed in samples 4a,b, which were collected from the upper portion of the aquifer (z/z 0 = 0.3). In order to fit such He excesses, fluxes of 5 Â 10 À12 and 2 Â 10 À5 cm 3 STP cm À2 yr À1 , for 3 He exc and 4 He exc are required, respectively. These yield R exc /R a $ 0.18, a value that is consistent with our observed R exc /R a of 0.15 (average for samples 4a,b), strongly suggesting the presence of a more significant and local mantle component in this area. Comparison between 4 He flux values required to fit samples 4a,b and the crustal flux value determined underneath the Paris Basin ( Figure 5 ) further supports the notion that a mantle flux is partly responsible for the total local He flux in this area.
[36] Overall, our results indicate that He has an origin external to the aquifer, from deeper sources, strongly supporting the presence of cross-formational flow (upward leakage) throughout most of the sedimentary sequence within the Michigan Basin. Our results also suggest that the impact of a horizontal flow component (e.g., recharge water) at depth is minor. This dominant vertical water component with respect to the horizontal one can explain the observed major ions vertical patterns within the Michigan Basin as well as the extremely high salinities observed at the shallow subsurface. We analyze these below.
Origin of High Salinity in the Shallow Subsurface of the Michigan Basin
[37] In a similar manner to the observed unusually high He excesses, high salinity values have been widely documented in both aquifers and aquitards at the shallow subsurface in the Michigan Basin [e.g., Long et al., 1988; Weaver et al., 1995; Ging et al., 1996] . The origin of solutes in these shallow groundwaters remains uncertain and upward transport of underlying basinal brines into shallow depths and subsequent mixing with recently recharged meteoric water has been suggested to explain the observed salinity distributions [Long et al., 1988; Ging et al., 1996; Weaver et al., 1995; Kolak et al., 1999] . Our results presented above clearly indicate that the main source of He in the Marshal is external to the aquifer, partly from the underlying sedimentary sequence, partly from the crystalline basement, and strongly support the presence of large scale cross-formational flow within the Michigan Basin.
[38] If our hypothesis based on He isotopes is correct and upward leakage indeed occurs throughout most of the sedimentary sequence, its vertical impact on major ion chemistry evolution should be equally and clearly observed. Thus we now analyze the major ion chemistry systematics not only He fluxes entering aquifers in other multilayered sedimentary basins: the Carrizo aquifer in the Gulf Coast Basin [Castro and Goblet, 2003] , the Ypresian, Albian, Lusitanian, and Dogger aquifers in the central portion of the Paris Basin [Castro et al., 1998b] , and the Great Artesian Basin [Torgersen and Ivey, 1985] . Although not a multilayered system, 4 He fluxes estimated in the Great Hungarian Plain [Stute et al., 1992] are also indicated for comparison; the crustal flux entering the Paris Basin is also indicated [Castro et al., 1998b] . within the Marshall aquifer, but rather, from the deeper Silurian up to the shallowest subsurface levels (Glacial Drift sediments; Figure 1c ).
General Data Overview
[39] Because bromide remains in solution during seawater evaporation and is not modified by diagenetic processes [e.g., Carpenter, 1978; Stueber and Walter, 1991] , in a similar manner to He, Br À behaves as a conservative tracer. Thus the latter is also an ideal element to trace groundwater circulation and to identify the origin of solutes. Consequently, in order to discuss the chemistry evolution within the Michigan Basin, all other ions are plotted as a function of Br À concentrations.
[ ; Dannemiller and Baltusis [1990] ), the overlying Glacial Drift [Dannemiller and Baltusis, 1990] , the underlying Upper-Devonian Antrim shale [McIntosh et al., 2004] and Traverse carbonate formations [Wilson and Long, 1993b] , as well as the evaporite-carbonate Lower-Devonian and Silurian formations [Wilson and Long, 1993a] [Wilson and Long, 1993a, 1993b] . Both (a and c) log-log and (b and d) linear scales are shown; seawater-evaporation curves from McCaffrey et al. [1987] are also shown (brown dashed line). up to 5 orders of magnitude. Due to these high variations in concentrations, element relationship plots are presented both in log-log and linear scale to allow for a detailed analysis of these distinct chemistry waters (Figures 6 and 7) .
[41] In the sections that follow we first discuss the origin of salinity at the shallower levels, i.e., Glacial Drift through Traverse Formation (section 6.2). We then proceed to discuss how these shallower brines relate to those of deeper formations (Traverse-Silurian, section 6.3), and present then a brief overview of the observed vertical facies evolution and He-Br À positive correlation (section 6.4).
Origin of Salinities in the Shallow Subsurface of the Michigan Basin
[42] Groundwater samples from the Marshall aquifer yield variable Cl À and Br À concentrations and display a positive correlation between these two elements ( Figure 6a ). Low Cl À and Br À concentrations are found close to the recharge area and are indistinguishable to the composition of fresh water in the overlying Glacial Drift. By contrast, samples close to the discharge area display high Cl À and Br À concentrations, with a signature similar to those of the most diluted underlying Antrim Formation brines (Figures 6a and 6b) . While dissolution of evaporites in neighboring formations may explain some of the high Cl À concentrations observed locally in Antrim formation waters in the northern marginal basin [McIntosh et al., 2004] , such a process, however, cannot account for the high Br À concentrations found in the Marshall and Antrim formation waters in our study area (southern portion of the basin). Indeed, Br À content is negligible in evaporites. High Br À concentrations are the result of seawater evaporation and are thus expected to have its original source in underlying Br À -enriched basinal brines [e.g., Ging et al., 1996; McIntosh et al., 2004] . Indeed, brines from the Traverse formation (Figures 6a and 6b) , a major carbonate aquifer underlying the Antrim shale have higher Br À and Cl À concentrations and plot along the seawater-evaporation curve (dashed line, Figure 6b ) [McCaffrey et al., 1987] , past halite saturation, indicating that their evolution is related to evaporated seawater [Wilson and Long, 1993b] . Samples from the Marshall and Antrim formations also plot along the seawater-evaporation curve (Figures 6a and 6b ) and connect the fresh water and brine end-members, suggesting mixing of upwelling deep brines with recharge water within these shallower levels (Figure 6b ). High Cl À and Br À contents in shallow waters (e.g., Glacial Drift and Marshall aquifer) are thus most likely transported through cross-formational flow from the underlying Traverse formation brines.
[43] As also previously suggested through estimation of He fluxes (section 5.4.2), mixing of deep brines with recharge fresh water seems to be absent at lower levels as indicated by the high Cl À concentrations in place in these formations (e.g., Traverse Formation, Silurian) as well as its observed small variability range.
[44] Na + within the Marshall shows a similar trend to that of Cl À (Figures 6c and 6d) , and is also likely the result of upwelling basinal brines from the Traverse Formation. An almost linear trend is also observed between Ca 2+ , Mg
2+
, Sr 2+ , and K + and Br À in the most concentrated brines within the Marshall and those of deeper formations (Figure 7) , further indicative of a progressive evolution from the deepest brines (e.g., Silurian) into shallower ones (Marshall).
[ [Wilson and Long, 1993a, 1993b] . Both (a, c, e, and g) log-log and (b, d, f, and h) linear scales are shown. Marshall originates from sources deeper than the Traverse formation, and suggested that high salinities observed in the Marshall are also likely to have a deeper origin.
[47] Because the environmental conditions required for such extreme seawater evaporation to take place during Late Devonian (e.g., Traverse Formation) are unlikely, Wilson and Long [1993a, 1993b] suggested that the latter might have been affected by the underlying Silurian brines. Indeed, such influence can be clearly observed between a diversity of ions and Br À (Figures 6 and 7 (Figures 6d, 7b , 7d, and 7h) with respect to modern seawater-evaporation curves [McCaffrey et al., 1987] . Extensive water-rock interactions have been proposed to explain these elemental differences from modern evaporated seawater (e.g., dolomitization for Ca 2+ -excess and Mg 2+ -deficit; albitization for Ca 2+ -excess and Na + -deficit; formation of new K-minerals for K + -deficit [e.g., Wilson and Long et al., 1993a, 1993b; Davisson and Criss, 1996; Duffin, 1989] ). However, these elemental differences could also be interpreted as the result of fundamentally different chemical compositions in ancient Silurian seawaters (e.g., seawater with higher Ca 2+ , lower Mg 2+ and Na + concentrations [Brennan and Lowenstein, 2002] ). Although no single process alone can account for the observed chemical compositions of these brines, such elemental differences with respect to modern evaporated seawater are found at almost all depths in the Michigan Basin (e.g., from Silurian to Mississippian formations). This suggests that brines at all depths may be genetically related as a result of upward crossformational flow. Figure 8 ). Upper Devonian strata are mostly Na-Cl dominated and evolve progressively into Na-Ca-Cl facies (Devonian). The latter subsequently evolves into a dominant Ca-Na-Cl facies (Lower Devonian-Silurian; Trend 2, Figure 8 ).
[50] Although the Michigan Basin brines are geochemically compartmentalized [e.g., Martini, 1997] , the above observations clearly show the influence of deep Silurian brines into the overlying strata, which likely results from upward crossformational flow. The positive correlation observed in the Marshall aquifer between excess He and Br À (Figure 9 ), two very distinct conservative tracers, further reinforces this concept.
Conclusions
[51] We present helium data and major ion chemistry from the Marshall aquifer in southern Michigan. This shallow groundwater data set is subsequently interpreted in conjunction with major element data sets from deeper and shallower water levels previously analyzed in this area [Dannemiller and Baltusis, 1990; Wilson and Long, 1993a, 1993b; McIntosh et al., 2004] .
[52] He excesses and isotopic ratios suggest the presence of tritiogenic 3 [Castro et al., 1998b; Castro, 2004] ). Such high He fluxes present at such shallow depths within the Michigan Basin strongly suggest the presence of a dominant vertical water flow component, i.e., upward leakage, and further indicate that the impact of the horizontal flow component (e.g., recharge water) at depth is minor. Cross-formational flow is also likely responsible for the extremely high salinities present in the shallow subsurface of the Michigan Basin. The observed positive correlation between helium and bromide strongly suggests that these two very distinct conservative tracers both originate at greater depths, and further suggests that advection is the dominant transport mechanism within the basin. The occurrence of large-scale cross-formational flow is also consistent with the evolution displayed by the major ion chemistry throughout most of the sedimentary sequence (e.g., Silurian through Glacial Drift Sediments), indicating that solutes from shallow levels carry the signature of deep formation brines.
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